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Abstract

Erlotinib (Tarceva) is an orally available HER1 (epidermal
growth factor receptor, EGFR) tyrosine kinase inhibitor
advancing through clinical trials for the treatment of a range
of human malignancies. In this study, we examine the capacity
of erlotinib to modulate radiation response and investigate
specific mechanisms underlying these interactions in human
tumor cell lines and xenografts. The impact of erlotinib on cell
cycle kinetics was analyzed using flow cytometry, and the
impact on apoptosis was evaluated via fluorescein-labeled
pan-caspase inhibition and poly(ADP-ribose) polymerase
cleavage. Radiation-induced EGFR autophosphorylation and
Rad51 expression were examined by Western blot analysis.
Radiation survival was analyzed using a clonogenic assay and
assessment of in vivo tumor growth was done using a mouse
xenograft model system. Microarray studies were carried out
using 20 K human cDNA microarray and select genes were
validated using quantitative reverse transcription-PCR (RT-
PCR). Independently, erlotinib and radiation induce accumu-
lation of tumor cells in G; and G,-M phase, respectively, with a
reduction of cells in S phase. When combined with radiation,
erlotinib promotes a further reduction in S-phase fraction.
Erlotinib enhances the induction of apoptosis, inhibits EGFR
autophosphorylation and Rad51 expression following radia-
tion exposure, and promotes an increase in radiosensitivity.
Tumor xenograft studies confirm that systemic administration
of erlotinib results in profound tumor growth inhibition when
combined with radiation. cDNA microarray analysis assessing
genes differentially regulated by erlotinib following radiation
exposure identifies a diverse set of genes deriving from several
functional classes. Validation is confirmed for several specific
genes that may influence radiosensitization by erlotinib
including Egr-1, CXCL1, and IL-1B. These results identify the
capacity of erlotinib to enhance radiation response at several
levels, including cell cycle arrest, apoptosis induction, accel-
erated cellular repopulation, and DNA damage repair. Prelim-
inary microarray data suggests additional mechanisms
underlying the complex interaction between EGFR signaling
and radiation response. These data suggest that the erlotinib/
radiation combination represents a strategy worthy of further
examination in clinical trials. (Cancer Res 2005; 65(8): 3328-35)
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Introduction

The epidermal growth factor receptor (EGFR) belongs to the
ErbB family consisting of four closely related cell membrane
receptors: EGFR (HER1 or ErbB1), ErbB2 (HER2), ErbB3 (HER3),
and ErbB4 (HER4; ref. 1). Increased expression of EGFR has been
observed in a wide spectrum of tumors, including non-small cell
lung cancer (NSCLC) and squamous cell carcinoma (SCC) of the
head and neck (2, 3). Activation of the EGFR signal transduction
pathway has been shown to enhance cellular processes involved
in tumor growth and progression, including the promotion of
proliferation, angiogenesis, invasion, and metastasis (1). Increased
expression of EGFR has been correlated with disease progression
and poor overall clinical outcome (4, 5). Further, a positive
correlation has been described between EGFR expression and
tumor resistance to chemotherapy and radiation therapy (6, 7).

A broad series of in vitro and in vivo studies have shown the
potential value of targeting the EGFR in cancer treatment. Erlotinib
(Tarceva, OSI-774) is an EGFR-selective tyrosine kinase inhibitor
that blocks signal transduction pathways implicated in tumor cell
proliferation, survival, and other host-dependent processes promo-
ting cancer progression. Erlotinib inhibits the activity of purified
EGFR tyrosine kinase and EGFR autophosphorylation in intact
tumor cells, with 1Cs values of 2 and 20 nmol/L, respectively (8).
Erlotinib is under investigation in clinical trials for a variety of tumor
sites, used both as monotherapy as well as in combination with
chemotherapy and/or radiation (9-12).

A series of recently published studies show strong preclinical
evidence regarding the capacity of EGFR inhibition to enhance the
antitumor activity of ionizing radiation (13-16). The potential
significance of the favorable interaction between EGFR inhibition
and radiation recently realized a major clinical milestone with
results from a phase Il trial in advanced head-and-neck cancer
patients. This international study showed a near doubling of median
survival for patients treated with the EGFR inhibitor cetuximab over
that achieved with radiation alone (17). There was a statistically
significant improvement (log rank P = 0.02) in locoregional disease
control (8% at 2 years) and overall survival (13% at 3 years) favoring
the cetuximab arm. These pivotal results will stimulate new clinical
trials that incorporate EGFR inhibitors in combination with
radiation for a variety of cancer types in which radiation plays a
central treatment role.

This study examines the in vitro and in vivo capacity of the EGFR
tyrosine kinase inhibitor erlotinib to modulate radiation response in
human tumor cell lines and xenografts. The results suggest strong
potential for mechanistic synergy between EGFR inhibition and
radiation response at several levels, including cell cycle kinetics,
apoptosis induction, and the targeting of accelerated cellular
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expression was attenuated significantly when cells were pre-
treated with 1 umol/L erlotinib for 24 hours.

Erlotinib modulates radiosensitivity. To examine the poten-
tial usefulness of combining erlotinib with radiation therapy in
human carcinoma cell lines, experiments were conducted to
evaluate the influence of erlotinib on clonogenic survival. Figure
5 depicts clonogenic survival curves for UM-SCC1 and H226 cell
lines exposed to erlotinib before radiation exposure. These
results show that treatment with erlotinib before radiation
induced modest but consistent radiosensitization as manifested
by a reduction in clonogenic survival compared with controls in
UM-SCC1 at 3, 6, and 9 Gy (P < 0.01) and in H226 at 6 and 9 Gy
(P < 0.05).

Erlotinib augments ir vivo tumor response of non—small cell
lung cancer and squamous cell carcinoma xenografts to
radiation. Human NSCLC (H226) and SCC (UM-SCC6) cell
lines were inoculated s.c. into female athymic mice and allowed
to grow for 10 days before randomization into four groups. Ten
days was the time interval required for xenografts to reach
~20 mm® in volume. As shown in Fig. 6, treatment with
radiation alone or erlotinib alone produced modest inhibition of
tumor growth in both H226 and UM-SCC6 xenografts.
When combined with radiation, erlotinib enhanced the tumor
growth inhibition profile over the 55-day observation period.
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Figure 2. Effect of erlotinib on radiation-induced apoptosis. A, apoptosis
was analyzed by fluorescence spectroscopy using pan-caspase inhibitor
FAM-VAD-FMK as described in Materials and Methods. Cells were exposed
to erlotinib (1.0 umol/L x 48 hours), XRT (6 Gy), or the combination. Points,
mean values of two independent experiments. B, Western blot analysis on
whole cell lysates determining cleavage of the PARP. Cells + 30 minute
pretreatment with erlotinib (1 pmol/L) were harvested 10 and 24 hours after
irradiation (6 Gy).
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Figure 3. Effect of erlotinib on EGFR phosphorylation following radiation
exposure. Indicated cell lines + 24 hours pretreatment with erlotinib (1.0 pmol/L)
were harvested 48 hours after exposure to radiation (2 and 10 Gy). Whole cell
lysates were evaluated for phosphorylated and total EGFR levels.

Statistical analysis confirmed this tumor growth inhibition to be
synergistic in the H226 and additive in the UM-SCC6 xenografts
(P < 0.05).

In vivo expression of proliferating cell nuclear antigen and
phosphorylated epidermal growth factor receptor. The ex-
pression of markers of tumor proliferation (PCNA) and activated
EGFR (p-EGFR) were examined in H226 tumor xenografts.
Immunohistochemical staining with PCNA showed the number
of proliferating cells to be largest in the control group,
intermediate in the groups receiving single-modality treatment
with either radiation or erlotinib, and smallest in the combined
treatment group. Immunostaining for p-EGFR showed similar
activity in the control and radiation-treated groups, with
marked inhibition in the combined erlotinib/radiation group
(Fig. 7). Taken together, these results complement in vitro data
that shows the capacity of erlotinib to modulate cellular
proliferation, apoptosis, and EGFR signaling activation as shown
in Figs. 1 to 3.

Microarray analysis. To identify a cohort of genes linking EGFR
signaling with radiation response, we used a 20,000-element (20 K)
cDNA microarray consisting of known, named genes as well as
numerous expressed sequence tags (27). Initial experimentation was
done on UM-SCC6 cells to determine the temporal relationship of
gene expression following exposure to radiation. These preliminary
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Figure 4. Effect of erlotinib on radiation-induced Rad51 expression. UM-SCC6
(A) and H226 (B) cells were exposed to erlotinib (1.0 pmol/L x 24 hours),
XRT (6 Gy), or the combination, and harvested at times indicated. Whole cell
lysates were probed for Rad51 expression.
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Figure 5. Impact of erlotinib on radiation
response. The influence of erlotinib on
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studies (data not shown) identified the largest cohort of differentially
regulated genes to emerge ~ 24 hours after exposure to radiation.
Subsequent array studies were, therefore, done on UM-SCC6 cells
24 hours after exposure to radiation + pretreatment with erlotinib.
We identified a diverse set of differentially regulated genes
(ratios >2 or <0.5) involving 14 functional classes (Fig. 8). We
validated these DNA microarray findings for a select cohort of
genes that may influence the radiosensitization capacity of
erlotinib, including Egr-1, CXCL1, and IL-1B (Fig. 9). These
validation studies confirmed a potent radiation-induced enhance-
ment of Egr-1, CXCL1, and IL-13 expression, which was inhibited
by pretreatment exposure to erlotinib.

Discussion

This study characterizes the capacity of the EGFR tyrosine
kinase inhibitor erlotinib to modulate radiation response in

human carcinoma cell lines and xenografts. These results
augment emerging preclinical data demonstrating a favorable
antitumor interaction between EGFR inhibitory agents and
radiation (13-16). In parallel with previous reports regarding the
EGFR monoclonal antibody cetuximab (Erbitux, C225) and the
tyrosine kinase inhibitor gefitinib (Iressa, ZD1839), the magnitude
of radiosensitization with erlotinib seems magnified in the in vivo
setting (13, 19). The current data suggest potential explanations
for this enhanced effect at the level of cell cycle kinetics, DNA
damage repair, and radiation-induced activation of EGFR, which
may contribute to inhibition of accelerated cellular repopulation.
In addition, cells received single fraction radiation in vitro,
whereas multiple fractions of radiation were delivered in vivo,
thereby amplifying the potential influence of erlotinib on DNA
damage repair.

The influence of erlotinib on the host microenvironment
(through inhibition of tumor angiogenesis) may also contribute
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